Abstract-A fixed switching period sliding mode control (SMC) for permanent-magnet synchronous machines (PMSMs) is presented. The aim of this paper is to design an SMC that improves the traditional PI-based field-oriented control transient response, as well as to reduce the switching frequency variations of the direct torque control. Such SMC requires a decoupling method of the control actions, which also brings constant switching functions slopes. These constant slopes allow to calculate the required hysteresis band value to control the switching frequency. The digital implementation degrades the performance of the hysteresis comparator, and as a consequence, the previously calculated band becomes inaccurate to regulate the switching frequency. In order to recover the analogue hysteresis band comparator performance, a predictive algorithm is proposed. Finally, a set of experimental results with constant switching frequency during a torque reversal and speed control tests are provided.
In the case of the DTC, the main drawbacks are the variable switching frequency, the high torque and current ripples at low speeds [9] , while for FOC schemes, the high sensibility of the controller performance to the motor parameters entails the main challenge [10] . Several publications can be found in the literature where these drawbacks have been mitigated for DTC in [11] [12] [13] [14] [15] [16] . Related to FOC schemes, the researches have been focused in estimating the motor parameters in order to improve the system robustness. A summary of the estimation and observation techniques is presented in [17] .
Two of the main benefits of the sliding mode control (SMC) [18] are its high dynamic response during transients and its robustness. In this sense, SMC performance is comparable to the DTC one. Even though in both schemes the switching frequency is inherently variable, the SMC provides a set of mathematical tools that allows to fix the switching frequency, achieving also one of the main advantages of FOC schemes. Accordingly, SMC is an alternative to the popular FOC and DTC. In [18] , sliding mode controllers together with sliding mode observers are designed for PMSM current and speed regulation. Another application of the sliding mode observer can be found in [19] and [20] for PMSM sensorless operation. Unfortunately, the design of a first-order SMC in the dq plane yields a control action that leads to a continuous set of values in abc and it cannot be implemented even in a continuous-time approximation of the voltage source inverter (VSI). This fact, together with discretization of the control laws have been tackled in several works for the SMC application. In [21] , a discrete-time quasi-SMC is designed in dq frame in order to control the motor speed. The provided dq voltages are transformed to the abc frame and directly implemented by means of a pulsewidth modulator (PWM) to the inverter at fixed frequency. The control action includes a discontinuous term that ensures sliding motion only outside of a given sector. Inside this sector, the control provides a quasi-sliding motion that requires the knowledge of the system parameters.
Similarly, in [22] , the dq controllers are implemented by means of a discrete-time sliding mode introduced by Gao et al. in [23] . Again, this technique requires the knowledge of the motor parameters for the control action computation. In [24] , an SMC in the abc currents is proposed and the control laws are directly deduced through a lookup table (LUT). The use of the LUT provokes a variable switching frequency of the control actions, which can be understood as a drawback for this application. Indeed, the switching frequency of the control actions is a well-known problem to be tackled when an SMC has to be implemented. Hysteresis comparators are usually employed to implement SMC. They can be easily built using analogue circuitry [25] , [26] but their implementation using microcontrollers degrades the performance due to the sampling period.
The main contribution of this research is the design of an SMC for PMSMs keeping the advantages of DTC and FOC, which are high dynamics and constant switching frequency, respectively. Instead of designing the SMC in the dq coordinates, it is proposed to define the switching surfaces in the abc, which delivers the control laws directly for the VSI. A decoupling technique, which allows to find a set of decoupled sliding surfaces [18] , has been used similarly to the procedure proposed in [27] for induction machines. Such decoupling technique simplifies the implementation of the proposed SMC by a microcontroller. On the one hand, the decoupling technique allows the use of a simple but effective prediction algorithm, similarly to the ones proposed in [28] [29] [30] [31] , that digitally emulates the performance of a continuous-time hysteresis comparator, eliminating the sampling and the computing delays effects. On the other hand, once the continuous-time hysteresis comparator performance is recovered, the well-known problem of the variable switching frequency of the SMC is mitigated using a variable hysteresis band technique. These methodologies of emulating the hysteresis comparators and using a time-varying band to regulate the switching frequency constitute a useful tool to digitally implement the SMC in power converters.
Finally, the proposed controllers together with aforementioned implementation methodologies are experimentally tested in an off-the-shelf PMSM with satisfactory results.
II. SLIDING MODE CURRENT CONTROL OF PMSMS

A. PMSM Model
The PMSM electrical model equations in the stationary reference frame (abc) [1] are given by 
being Ψ M the rotor permanent flux, ω e the electrical motor speed, and θ e the electrical motor angle. The matrix L is defined as follows:
where L a , L b , and L c are the stator inductances. The right side of the Fig. 1 shows the common structure for the motor drive. The VSI is able to perform the controlled voltages at the points a, Fig. 1 , the voltage v n can be found assuming the circuit linear and applying the well-known superposition principle.
The expression can be further simplified taking into account that in a balanced system the relation e a + e b + e c = 0 holds, and the difference among the stator inductance will be small, yielding
Remark 1: Notice that the voltage v n defined in (5) results in the expression
if all the inductance values are considered equal. Expression (5) is useful when the inductance values are different but close among them. Merging (1), (4), and (5), the model, which includes the control signals of the VSI in the stator currents dynamics, is rewritten as
where
The term e(ω e , θ e ) in (6) can be considered as an external unknown signal from the motor current dynamics point of view, since it depends on the motor speed and rotor angle.
B. Decoupled Sliding Mode PMSM Current Control
The control objective is to design three switching surfaces such that the motor currents in the abc frame track the desired values. The star connection of the motor windings entails the restriction i a + i b + i c = 0. Therefore, the three PMSM currents will be controlled by just two control signals and the third control signal is being used to regulate the average value of the discontinuous voltage v n , whose switching surface is defined as where the superscript * stands for the reference value.
The proposed decoupled sliding mode PMSM current control leads to a high dynamics tracking. When the system state is outside the sliding surface, the system trajectories will reach S = 0 after a brief transient. Once the system is on sliding motion, i * a and i * b will be perfectly tracked by the currents i a and i b , despite of the unknown time-varying signal e(ω e , θ e ). Notice that such perfect tracking of the reference is just achieved in the ideal case, which assumes infinite switching frequency. The real sliding motion is described in Section III.
Applying time derivative to (8) and replacing (5) and (6), the sliding mode equation becomeṡ
Note how each surface time derivative depends on all the control signals. Finite-time convergence of S = 0 is possible by means of a Lyapunov function candidate V = 0.5S T S, and designing a control such thatV < 0 [18] , nevertheless this task is not easy. Moreover, the behavior of the switching functions inside the hysteresis band is complicated to analyze, and hinders the task to control the effective switching frequency.
This problem is overcome by applying a well-known decoupling control procedure (see [18] , [27] , and [32] ) that allows to find a new set of switching surfaces that could be independently controlled by each control signal. The new set of switching surfaces are defined as
where M is a nonsingular decoupling matrix and
T is the new surfaces set.
The sliding mode equation of the new surfaces set iṡ
The decoupling matrix, M, has to be defined such that the matrix MC becomes diagonal. Notice how the requirement for matrix C is to be nonsingular, in that way M exists. Such property for C is achieved through a well-designed set of switching surfaces in (8) . Specifically, the determinant for matrix C be-
T . Otherwise, the decoupling process cannot be performed. Therefore, a reasonable choice for M is
According to the definition of M, the sliding mode equation becomesσ
where I is the 3 × 3 identity matrix and
The surface set based on the current errors:
] produces a singular matrix for C, which hinders the decoupled method application. This analysis has been omitted for the sake of brevity.
The control law proposed in Theorem 1 ensures that the system trajectories converge in finite time to the manifold σ = 0, and therefore, by definition of M, to S = 0.
Theorem 1: Assume that the initial switching surfaces shown in (8) are decoupled using the nonsingular matrix M (12), providing the set of switching surfaces shown in (10) . Let also assume that f 2 is bounded and being such bound known and 
Proof: Selecting the Lyapunov function candidate
the time derivative of V yieldṡ
which is equivalent tȯ 
which can be rewritten aṡ 
C. Selection of the Bus Voltage Value
The direct application of the conditions given in the Theorem 1 could lead to the selection of a high value of the bus voltage. In order to set a practical (not too high) bus voltage value, this paper follows the standard design procedure provided by the equivalent control method [18] .
The equivalent control is defined as the control value, u eq , that confines the system exactly on the manifold σ = 0 and it can be found assuming thatσ = 0. From (13), one getṡ
Notice that the function f 2 in (21) particularizes (14) wheṅ σ = 0, and thus, i a = i * a , i b = i * b , and v n = v * n . Using the equivalent control method, the existence condition of the sliding mode can be guaranteed when −1 < u eq < 1. Furthermore, the equivalent control vector given in (21) can be considered as the equivalent steady-state duty cycles (with values [−1,1]) needed in the set of (1)- (3) to fulfil the requirement of perfect tracking of the current references. In practice, the value of v bus is set from (20) preserving a maximum (minimum) value of the equivalent control lower (higher) than 1 (−1) for the maximum (minimum) value of f 2 , and therefore, ensures sliding mode for the expected nominal conditions of the machine, as the maximum angular speed or the maximum stator current. Of course, the selected value of v bus implies that the design condition of Theorem 1 could not be fulfilled in transients. In these cases, the control is saturated and the trajectories of the system will recover again the sliding motion.
Remark 4: The robustness of the method resides in that the control law in (15) 
D. Reference Generator
The current controller previously designed works on the abc reference frame, and therefore, the values i * a , i * b , and v * n should be provided. In this paper, the proposed sliding mode current control has been tested when the motor speed or torque are regulated. In the first case, a well-known integral-proportional (IP) speed controller [33] is used as an external controller to provide the torque reference value, which will be proportional to the i * q since i * d will be set to 0. In the second case, the i * q is provided directly in order to fix the motor torque keeping i * d equal to zero. With regards to v n , the default average reference value is set to 0.
III. SWITCHING FREQUENCY ANALYSIS OF THE PROPOSED CONTROL
The control law designed in (15) assumes theoretically infinite switching frequency of the control action. Under this assumption, the system trajectories are confined to the manifold σ = 0. From an implementation point of view, the switching frequency has to be bounded. The most common application of the sliding mode controller in practical systems is accomplished by means of hysteresis comparators instead of sign functions [25] , [26] . In this case, the control laws are rewritten as follows:
and the trajectories are not confined to the manifold σ = 0, but oscillate around it, within a boundary layer 2Δ > 0.
From the control law defined in (22) , it is obvious that the equivalent control, which is a continuous variable dependent on unknown function f 2 , cannot be attained. Therefore, the control will have a low-frequency component, that can be understood as the equivalent control value, which will place the system on the desired surface, and a high-frequency component oscillating around the surface [18] . Using the equivalent control definition, one can rewrite (13) asσ
From (23), the estimated switching period of the control signal can be obtained [34] when a comparator with a fixed hysteresis band, Δ, as Fig. 2 shows, is used. In accordance with Fig. 2 , the switching period, t sw , is given by
Hence, using again the equivalent control method, the switching period for each control signal can be easily derived from (21), (23) , and (24) .
where subindex i ∈ {a, b, c} and {Δ a , Δ b , Δ c } are the hysteresis bands of each surface. Equation (25) only makes sense when its denominator is higher than zero. Theorem 1 states that in order to ensure sliding motion,
This implies a nonnull and positive denominator in (25) . In cases where the sliding mode cannot be guaranteed (during transients), the control action is saturated to one of its values (−1 or 1) until the system trajectories recover the conditions for the sliding mode to exist. During these conditions, where the control action does not switch, (25) does not apply. All the parameters in (25) are constant except f 2 i . From the definition of f 2 i stated previously, it can be realized that the switching periods vary with the motor parameters, stators currents, back-emf voltages, and speed. From (25) arises a minimum switching period when f 2 i = 0 and a maximum switching period when
The switching period can be controlled by means of a variable hysteresis band. Similar approaches have been proposed by several authors for different power converters [35] . Notice how in order to properly adjust the hysteresis value, f 2 must be known. The measure of vector f 2 becomes impossible from a practical point of view, since it depends on unknown perturbing signals and motor parameters. Measure the equivalent controls constitute an alternative approach. Once the sliding motion is reached, according to [18] , the equivalent control u eq can be measured by low-pass filtering the control signals u. With the measured signals of the u eq and with a known bus voltage, f 2 can be estimated using (21) . With such estimation, it is possible to adjust the hysteresis band, according to (26) , in order to get the desired switching period as
Remark 5: The switching period calculated in (24) and (25) assumes piecewise linear behavior of the switching functions. This means that, the surface slopes are treated as constants during the entire switching period. This assumption can be applied as long as the switching frequency is high enough with respect to the system dynamics.
Remark 6: Arbitrary values of hysteresis can lead the system far away from the sliding domain. As a consequence, an allowable range for the hysteresis has to be defined, within which the hysteresis band values have to "live," preserving the sliding motion at any time and limiting the permissible switching periods to a safe levels as
where Δ max has to be designed according to the minimum feasible value of the switching frequency, thus avoiding high current ripples and component saturation. Analogously, Δ min is related to the maximum switching frequency in order to do not overheat the power switches of the VSI.
IV. SIMULATIONS OF CONTINUOUS-TIME SMC
In this section, some simulations are presented validating the sliding mode controllers designed in Section II and the performance of the switching periods derived in Section III. The simulations have been developed using an accurate model created in MATLAB/SIMULINK and PSIM. The motor data and the VSI parameters are presented in Table I . The simulation results are shown in Fig. 3 .
The first graph shows the motor currents during this test, and the second one plots the speed, the torque, and the reference torque that is varied from 8.1 to −8.1 N·m. Under this condition, the electrical motor speed reaches a maximum value of 600 rad/s, corresponding to a mechanical speed of 200 rad/s, see second plot. The third plot shows the time evolution of the switching period of σ a , adjusting the hysteresis band according (26) in order to get a fixed switching period of 80 μs. Finally, the last graph shows the behavior of the decoupled switching surface σ a (scaled 68 × 10 3 factor, see Section VI for details) inside the hysteresis bands, where considering the further realtime implementation. From the zoomed area on the right side, it can be seen how the switching slopes are constant and the surface is correctly decoupled. 
V. DIGITAL IMPLEMENTATION OF THE SMC
As it has been introduced in the Section III, when the piece-wise linear behavior assumption holds, a sliding motion enforced in a hysteresis band comparator provides a known switching frequency. From the implementation point of view, the hysteresis comparator can be accurately built using analogue circuitry. However, the implementation in digital signal processors (DSP) degrades the performance due to the effects of the sampling period and computing delay. In order to properly implement the aforementioned controllers in a DSP, a predictive algorithm together with a specific PWM usage is introduced.
The procedure should be able to deliver the proper control action u(t), in such a way, the switching function σ change its slopes sign just when it hits the hysteresis band Δ. The desired performance is illustrated in Fig. 4 .
The microcontroller is able to perform actions only at the sampling time instants, t k +1 , t k +2 , .... In order to make the switching action at time instant t = t 1 + t k +1 , the following pulsewidth-modulated control signal is applied: 
According to Fig. 4 , the following duty ratio d k +1 , updated at t = t k +1 , makes possible the commutation at the desired time instant t = t k +1 + t 1 :
Note that d k +1 depends on the future sample σ k +2 . At this point, a predicted value of σ k +2 is needed. Furthermore, a sampling period delay should be taken into account, due to the computing time (t c at Fig. 4 ). This means that the duty cycle that can be applied at t = t k +1 , has to be calculated with the available information at t = t k . Referred to (28) , this implies a prediction of σ k +1 and σ k +2 at time instant t = t k .
Therefore, the control law is redefined, according to the predictions, at time instant t = t k as
The prediction is performed according to (30) to each surface separately.
where m k is the time derivative of σ at sample k. The prediction algorithm assumes that the surface time derivative remains constant between the samples, that is m k = m k +1 = m k +2 . From (23) , the value of m k can be calculated from the measures of the equivalent control as
In order to validate the prediction algorithm and the PWM adjustment proposed in this paper, the same simulation test presented at Section IV has been done. The results are shown in Fig. 5 , when the sampling period is set to T s = 5 μs. Notice that the desired performance, shown in Fig. 3 , is qualitatively preserved and the switching period is regulated to 80 μs.
Some inaccuracies are observed when the motor speed increases. The prediction of the surface will work fine only if the assumption m k = m k +1 = m k +2 is fulfilled. It should be noted that the surface time derivatives depend on the equivalent control [see (23) ] and from (2), (14) , and (21), it can be stated that when the speed motor rises, the surface slopes are not entirely constant along the switching period. It is also obvious that increasing the sampling frequency will improve the accuracy of the switching frequency regulation.
VI. EXPERIMENTAL RESULTS
The SMC and the discrete-time implementation procedure proposed in the previous sections are tested experimentally at this stage. For this purpose, a platform based on a three-phase PMSM (Unimotor 115E2 [36] ) together with a VSI has been built in the laboratory, whose parameters are detailed in Table I. Figs. 6 and 7 show the experimental platform and the control stage, respectively. The machine type corresponds to an ac sinusoidal brushless servomotor. Among the different PMSMs, it can be classified as a surface-mount PMSM, which produces low, but nonnegligible, dependence of the stator inductances, L a,b,c , as a function of the rotor position, which implies a good challenge for the SMC from the robustness point of view. Table I shows these values, which have been measured empirically using the high-frequency current ripple flowing through the stators windings. The VSI power switches are the Infineon FS50R06W1E3. The motor currents (i a , i b ) are measured with the sensor LEM LAH 50-P and the v bus is acquired using a voltage divider through an isolated amplifier (ACPL-790A). Finally, the rotor position is provided by an encoder included in the motor shaft.
The control requires the measurement of the equivalent controls (u a e q , u b e q , u c e q ) for the variable hysteresis band calculation and for the prediction algorithm, according to (26) and (31), respectively. In order to obtain an accurate measurement, the IC LT2645-8 from Linear Technology is employed. This device receives the three PWM control signals (u a , u b , u c ) and delivers their duty cycles, which correspond to the equivalent controls [18] , [37] . Using the LT2645-8 instead of a low-pass filter, the problems related to the phase shift are overcome.
The proposed control algorithms are implemented with the microcontroller F28335 form Texas Instruments. The microcontroller acquires through the ADC peripheral the required signals (i a , i b , v bus ) and computes the switching surfaces defined in (8) . Since v n voltage is not accessible, (5) is used instead where equal inductance values are assumed.
Once the microcontroller calculates the surface vector S, the decoupled surface vector σ is obtained applying (10) and (12) (assuming equal inductances). The control laws (u a , u b , u c ) are computed using (29) . For their evaluation, the predicted samples of σ, and the hysteresis band Δ i are needed. The predicted samples are performed employing (30) and (31) and the variable hysteresis band is calculated according to (26) .
The microcontroller executes all the aforementioned tasks with a sampling period of T s = 5 μs, except for the evaluation of the variable hysteresis band that is updated at T s = 125 μs. In order to accelerate the computing time in the real execution, (8) , (10), (29), (30) , and (31) are computed using fixed point operations, which are twice faster than floating point operation in the F28335. As a consequence, the switching surfaces σ i are scaled by a factor of 68 × 10 3 in order to avoid numerical inaccuracies.
The experimental tests consist in a torque reversal control and in a speed control. On one hand, the torque reversal control allows us to validate the expected fast transient response of the sliding mode current control designed in Section II, the discretetime control implementation procedure presented in Section V and the different system responses when a fixed or a variable hysteresis bands are used. On the other hand, the speed control lets us to observe the variations of the three switching periods when fixed and variable hysteresis bands at constant speed are applied. When required, the speed control was performed by an IP controller tuned with the pole placement technique and whose specifications are detailed in Table I .
A. Torque Reversal Control
The references i * d and v * n are fixed both to 0, being i * q proportional to the reference torque. The applied reference torque profile is shown in Fig. 8 , together with behavior of the mechanical motor speed at these conditions.
Figs. 9-11 show the following signals: the equivalent control (u a e q , blue), the control action (u a , magenta), the switching period (t sw a , green), and phase current (i a , red) of the phase a.
The equivalent control is scaled such that 2.5 and 0 V correspond to 1 and −1, respectively. In the same way, the control action presented in the graphs evolves from 0 to 3.3 V, where 3.3 V correspond to u a = 1 and 0 V to u a = −1. An analogue circuit has been designed for measuring the switching periods t sw a , t sw b , t sw c . The sensibility of the circuit is of 0.5 V/μs.
From Figs. 9-11, the expected good performance of the proposed sliding controller is confirmed in all the cases. Fig. 9 shows the experimental results for fixed hysteresis band of Δ i = 224. The amplitude of the measured equivalent control (blue signal in the zoomed area) is of (2-0.5 V)/2.5 = 0.6. Therefore, f 2 i M becomes 175 V × 0.6 = 105 V. Then, recalling that the switching surface σ a has been scaled by 68 × 10 3 , (25) yields a theoretical values of 75 μs as minimum switching period and a maximum of 118 μs. The measured switching period (green signal in the plot) is 72 μs as minimum value and 120 μs as maximum one. These results validate the prediction and the PWM adjustment algorithms, since the expected and the real switching periods are close. The system nonidealities such as the VSI dead time or the motor saliency are not considered in (25) , justifying the small differences between them. Finally, Fig. 12 shows the data stored by the DSP during the previous test and downloaded after execution, for the variable hysteresis case, of i q and i * q .
B. Speed Control
An IP speed control [33] is applied to the PMSM, which is validated through a speed reversal test. The results of this test (provided by the DSP's data stored) are depicted in Fig. 13 . In order to stand out the effect of use variable or fixed hysteresis band values, the motor speed is regulated at 600 rad/s, being the values of Δ suddenly varied from a fixed value to a variables ones, according to (26) for a desired switching period of t * sw = 80 μs. Fig. 14 shows the three switching periods of the decoupled surfaces σ a , σ b , σ c (blue, magenta, and green signals) together with i a (red signal). The behavior of the three switching periods and the proper rejection of the switching period oscillation when the variable hysteresis is employed confirm the overall good performance of the proposed controller.
VII. CONCLUSION AND FUTURE RESEARCH
An SMC for PMSMs has been designed combining successfully the advantages of the traditional FOC and DTC, which are constant switching frequency and high dynamics, respectively. Besides, all the SMC benefits such as robustness and system order reduction are preserved in a digitally implemented system.
A decoupling algorithm has been designed, not only to allow the proper implementation of the SMC delivering the control laws directly to the inverter but also to impose constant slopes in the sliding surfaces, and consequently, bringing the possibility to further regulate the switching frequency. Hence, a variable hysteresis band calculation that keeps the switching period constant, conceived in continuous time domain, has been designed.
Trough a detailed methodology, the designed controllers have been successfully implemented using a DSP, as it could be inferred from the presented experimental results under different conditions in an off-the-shelf PMSM.
Once the control proposal has been presented and successfully evaluated, a deep comparison among the control structures of FOC, DTC, and SMC, in order to discern the benefits and drawback of each one, constitutes a further research subject.
